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Mitochondrial DNA heteroplasmy in disease and
targeted nuclease-based therapeutic approaches
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Abstract

Mitochondrial DNA (mtDNA) encodes a subset of the genes which
are responsible for oxidative phosphorylation. Pathogenic muta-
tions in the human mtDNA are often heteroplasmic, where wild-
type mtDNA species co-exist with the pathogenic mtDNA and a
bioenergetic defect is only seen when the pathogenic mtDNA
percentage surpasses a threshold for biochemical manifestations.
mtDNA segregation during germline development can explain
some of the extreme variation in heteroplasmy from one genera-
tion to the next. Patients with high heteroplasmy for deleterious
mtDNA species will likely suffer from bona-fide mitochondrial
diseases, which currently have no cure. Shifting mtDNA hetero-
plasmy toward the wild-type mtDNA species could provide a thera-
peutic option to patients. Mitochondrially targeted engineered
nucleases, such as mitoTALENs and mitoZFNs, have been used
in vitro in human cells harboring pathogenic patient-derived
mtDNA mutations and more recently in vivo in a mouse model of a
pathogenic mtDNA point mutation. These gene therapy tools for
shifting mtDNA heteroplasmy can also be used in conjunction with
other therapies aimed at eliminating and/or preventing the trans-
fer of pathogenic mtDNA from mother to child.
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Mitochondrial DNA

Human mitochondrial DNA (mtDNA), which was first discovered in
1963, is a 16,569-bp circular, double-stranded, supercoiled molecule
which encodes for 37 genes, essential for oxidative phosphorylation
(OXPHOS) and mitochondrial protein synthesis [1,2]. Of these 37
genes, 13 encode for subunits of 4 of the 5 multi-subunit enzymatic
OXPHOS complexes located on the inner mitochondrial membrane:
7 subunits from Complex I (ND1, ND2, ND3, ND4, ND4L, ND5, and
ND6); 1 subunit from Complex III (cytochrome b); 3 subunits from
Complex IV (COXI, COXII, and COXII); and 2 subunits from

Complex V (ATP6 and ATPS8). All subunits of Complex II are
encoded by the nuclear genome (nDNA), along with all of the other
subunits and assembly factors needed to complete the OXPHOS
system [3]. In addition to these 13 subunits, the mtDNA also
encodes for 22 tRNAs and 2 rRNAs. The mtDNA strands are referred
to as the heavy strand (H-strand) and light strand (L-strand). The H-
strand is guanine-rich, and the L-strand is cytosine-rich. [4]. There
are 28 genes encoded by the H-strand and 9 genes encoded on the
L-strand. Because of the dual origin of mitochondrial proteins, there
must be a tight coordination between the two genomes for mito-
chondrial function; mutations in any of the protein-coding genes in
either genome can lead to mitochondrial diseases, a heterogeneous
group of diseases that are detailed below.

There is a high density of genetic information contained in the
mtDNA due to the relatively small genome size, the number of
encoded genes, and the lack of intron sequences. To accommodate
this density, some of the genes lack complete termination codons or
overlap one another [5]. Other features of the human mtDNA mole-
cule include a non-coding regulatory region, referred to as the
displacement loop (D-loop), two origins of replication (origin of
replication of the H-strand (Oy), and origin of replication of the L-
strand (Or)), and two promoter sequences (heavy-strand promoter
(HSP) and light-strand promoter (LSP)) [3]. The Oy, HSP, and LSP
are all located within the D-loop region.

In most cells, there are approximately 1,000 mitochondrial
genomes [6]. In contrast to the nDNA, these mtDNA genomes are
not organized into chromosomes using histones; instead, the mito-
chondrial genome is organized in a DNA-protein structure called a
nucleoid [7]. The majority of nucleoids contain only 1 mtDNA (on
average each nucleoid has 1.4 mtDNA molecules). These mtDNA
molecules are organized around a core set of proteins including
TFAM (mitochondrial transcription factor A), POLG (mitochondrial
DNA polymerase gamma), mtSSB (mitochondrial single-stranded
binding protein), POLRMT (mitochondrial RNA polymerase), and
LONP1 (mitochondrial Lon protease homolog) [8]. Another protein
that is frequently found associated with the nucleoid is ATADS3,
which directly or indirectly appears to mediate the association of
the mtDNA nucleoid to the inner mitochondrial membrane [9,10].
The levels of mtDNA molecules are generally dependent on the
cellular energy demands of a cell. mtDNA replication is independent
of the cell cycle, and there are a few enzymes that are known partic-
ipants in this process, including POLG and the mtDNA helicase
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AAV9 adeno-associated virus

ATAD3 ATPase family AAA domain-containing protein 3

D-loop displacement loop

DSB double-strand break

HSP heavy-strand promoter

H-strand heavy strand

iPSC induced pluripotent stem cell

KSS Kearns—Sayre syndrome

LHON Leber’s hereditary optic neuropathy

LONP1 Lon protease homolog

LS Leigh syndrome

LSP light-strand promoter

L-strand light strand

MELAS mitochondrial myopathy, encephalomyopathy, lactic
acidosis, and stroke-like episodes

MERRF myoclonus epilepsy, with ragged red fibers

MGME1 mitochondrial genome maintenance exonuclease 1

mitoRE mitochondrial-targeted restriction endonuclease

mitoTALEN mitochondrial-targeted transcription activator-like
effector nuclease

mitoZFN mitochondrial-targeted zinc-finger nuclease

mtDNA mitochondrial DNA

MTS mitochondrial targeting sequence

mtSSB mitochondrial single-strand binding protein
NARP neuropathy, ataxia, and retinitis pigmentosa
nDNA nuclear DNA

Oy heavy-strand origin of replication

o, light-strand origin of replication

OXPHOS oxidative phosphorylation

PEO progressive external ophthalmoplegia

PGC primordial germ cell

POLG polymerase gamma

POLRMT mitochondrial RNA polymerase

PS Pearson’s syndrome

ROS reactive oxygen species

RVDs repeat variable diresidue

TALEN transcription activator-like effector nuclease
TA tibialis anterior

TFAM mitochondrial transcription factor A

ZFN zinc-finger nuclease

AmtDNA deleted mitochondrial DNA

TWINKLE [11-14]. Despite the knowledge of enzymes that play a
role, the mechanisms regulating mtDNA copy number have
remained elusive.

Compared to the nuclear genome where mendelian inheritance is
the norm, the pattern of mitochondrial genome inheritance is
uniparental, specifically maternally inherited. The unit of inheri-
tance is the mtDNA nucleoid [7]. Following fertilization, there is a
loss of sperm mitochondria, thereby blocking paternal mtDNA
transmission. This loss can be active, through degradation of the
sperm mitochondria through ubiquitination, mitophagy, or mtDNA
degradation, or passive, through the dilution of paternal mtDNA
into the maternal mtDNA pool [15,16]. Historically, there has been
one report of paternal mtDNA transmission in humans, suggesting
that this degradation and subsequent blockage can be overcome;
however, this is not a common occurrence [17]. More recently,
three unrelated multigenerational families have been identified with
biparental mtDNA transmission, that is similar to an autosomal
dominant-like inheritance pattern [18]. This interpretation has been
challenged by the identification of large nuclear pseudogenes (a
consequence of evolutionary migrations of mtDNA fragments to the
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nucleus) that could explain the inheritance of paternal mtDNA
sequences [19-22].

Mitochondrial DNA heteroplasmy

Compared to the nDNA, mtDNA has a high sequence evolution rate
(approximately 10-20 times higher), which can partly be attributed
to the 100- to 1,000-fold higher mutation rate in the mtDNA [23—
25]. These mutated mtDNA molecules tend to form sporadically,
and due to the high copy number, mutated and wild-type mtDNA
molecules can exist together in a single cell (mtDNA heteroplasmy)
[26]. Because mtDNA replication is cell-cycle-independent and
mtDNA can be segregated during replication, heteroplasmy levels
are dynamic and can change during a lifetime in both mitotic and
post-mitotic cells/tissues [11]. Along with the nature of the muta-
tion, the percentage of heteroplasmy is the major factor which deter-
mines the clinical severity of mitochondrial diseases. There is a
biochemical threshold associated with mutant mtDNA percentage
that must be surpassed for decreased OXPHOS function and pheno-
type onset [27]. This threshold is dependent on the mutation, the
cell type, and tissue type, and can vary between 60 and 90% mutant
mtDNA for an detectable phenotype to present [28]. Different
tissues have different biochemical thresholds, and therefore, a
bioenergetic defect may be seen in certain tissues before others in a
patient. Additionally, the percent heteroplasmy can shift during
mitotic and meiotic cell division, leading to an array of bioenergetic
defects depending on a cell’s or tissue’s replicative capacity.

Mitochondrial DNA segregation alters heteroplasmy in the germline

Understanding mitochondrial dysfunction can be an arduous task
because of the complex interactions between the nuclear and mito-
chondrial genomes. The fact that mtDNA can segregate both along
the maternal germline and in somatic tissues adds further complex-
ity. In understanding heteroplasmic variation in the maternal line, it
is first important to recognize that individual oocytes can have vary-
ing heteroplasmy levels. In a first study, 82 oocytes from a mother
harboring both the m.3243A>G (18.1% heteroplasmy in quadriceps
and 7.2% in leukocytes) mutation (discussed in more detail below)
were analyzed [29]. These oocytes had a range of 0-45% hetero-
plasmy for the m.3243A>G mutation, with a mean of 12.6% and
median of 8.2% heteroplasmy, while 8 oocytes lacked any detect-
able mtDNA mutation levels [29]. The authors of this study modeled
the heteroplasmy distribution across the oocytes as a binomial
distribution assuming that the initial maternal mutant allele
frequency was the mean of the oocytes analyzed. In a second study,
a mother harboring the m.8993T>G (50% heteroplasmy in blood)
mutation (discussed in more detail below) was hyper-ovulated and
the resultant 7 oocytes were analyzed for heteroplasmy levels [30].
One oocyte was determined to not harbor the mutation, while the
other 6 had > 95% heteroplasmy for the m.8993T>G point mutation
[30]. Interestingly, the children from these mothers have their own
variation in heteroplasmy, where the mother with the m.3243A>G
mutation (from the first study) had a son with 11.7% of the
m.3243A>G mutation in blood, while the mother with only the
m.8993T>G mutation (from the second study) had three sons, one
with 98% of the mutation in quadriceps and fibroblasts (died from
Leigh syndrome (a mitochondrial disease discussed in detail
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below)), one with 95% in blood (died of sudden infant death
syndrome), and one with 87% in blood who was affected by Leigh
syndrome [29,30]. This wide spectrum of shifts in heteroplasmy
between generations raises the question how (and if) certain patho-
genic mtDNA species segregate in oocytes?

Mitochondrial DNA germline bottleneck

This variability in heteroplasmy in children can be attributed in part
to the mtDNA segregation following fertilization, as an embryo
generated from an oocyte that is heteroplasmic for a pathogenic
mtDNA species will have different levels of mtDNA heteroplasmy in
the different developing tissues and organs depending on the
mtDNA segregation following fertilization. Part of this is due to the
mtDNA “bottleneck” that occurs once an oocyte has been fertilized.
The genetic bottleneck theory is based on evidence from Holstein
cows that only a significant reduction in mtDNA copy number could
be responsible for the large shifts in mtDNA heteroplasmy over a
few generations [31]. Further studies done on the genetic bottleneck
in mice have been controversial, with different studies finding that
the extent of mtDNA copy number reduction is variable. Some have
shown that this reduction in copy number goes from 100,000
mtDNA copies in a fertilized oocyte to 200 in the primordial germ
cell (PGC) (about 40 mitochondria with 5 mtDNA copies each),
while others have demonstrated a copy number reduction, but only
to 1,500 mtDNA molecules per cell [32-35]. It has been recently
shown that these differences in the extent of copy number reduction
during the germline bottleneck could be explained by the diverse
nuclear genotypes of the inbred mouse strains used in these studies
[36]. Due to ethical considerations, up until recently in vivo studies
to determine the extent of the genetic bottleneck during germline
development have not been carried out in humans. Methodologies
to isolate PGCs from human embryos still have not been successful,
but protocols to isolate human PGCs from Carnegie stage 12 and
onwards have been developed and allow for the investigation of the
human germline [37,38]. Using adjacent-section electron micro-
graphs and super-resolution whole-cell imaging on PGCs isolated
in vivo from healthy female embryos, the Chinnery group observed
a profound reduction in mtDNA content, determined to be ~5
mtDNA molecules per mitochondria, which did not change between
Carnegie stages 12 and 20-21 [37].

Further analysis of the mtDNA in these PGCs indicated that these
healthy female embryos harbored low-level mtDNA heteroplasmy,
most of the variants were nucleotide transitions. Additionally, in
PGCs from Carnegie stages 12 and 20-21 there was a decrease in the
proportion of non-synonymous variants in protein-coding genes and
a decrease in the mutation rate per base for tRNA genes—both of
which indicate selection against potentially harmful mtDNA vari-
ants. Surprising to the authors, there was evidence of selection
against variants in the D-loop region of the mtDNA, which is non-
coding. This selection process occurring early during development
exposes potentially harmful mtDNA variants to selection, preventing
the accumulation of mtDNA mutations; however, mutations that
escape this selection process are likely the cause of the extreme
heteroplasmy shifts that can be seen from one generation to the
next. It was recently reported that heteroplasmy segregation can fall
on a spectrum, ranging from random drift to direct selection,
depending on the mitochondrial-nuclear interactions, with the goal
of achieving maximal mitochondrial fitness [36]. An additional
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study using mouse models with two distinct mtDNA haplotypes
showed an increase in both germline heteroplasmy variance in
oocytes and mtDNA segregation between germline and a reference
tissue as the age of the mother increased [39].

While it is known that the genetic bottleneck occurs during
development, the mechanism(s) remains elusive. Three potential
mechanisms, that are not mutually exclusive, have been proposed:
(i) the passive reduction of mtDNA; (ii) the focal replication of
mtDNA; and (iii) packaging of mtDNA into larger segregating units
(reviewed in Ref. [40]). All of these mechanisms (together or sepa-
rately) could lead to large changes in heteroplasmy within one
generation (Fig 1).

Mitochondrial selection alters heteroplasmy in the germline

In addition to mitochondrial segregation in the germline, selection
at the mitochondrial level also can be responsible for heteroplasmy
variations. Using whole-genome sequencing of nearly 13,000 indi-
viduals, it was determined that depending on the location of the
heteroplasmic variant, the likelihood of transmission was altered
[22]. Heteroplasmic variants in the D-loop region were more likely
to be transmitted than variants found in the rRNA genes, while
transmission of variants in protein-coding genes and tRNAs fell
somewhere in between. When analyzing protein-coding genes, if
the variant was a synonymous variant, it was more likely to be
transmitted compared with non-synonymous variants. In the
> 1,500 mother—offspring pairs that were analyzed in this study, the
heteroplasmic variants were defined to fall into 1 of 3 categories: (i)
transmitted/inherited (if the variant was found in both the mother
and the offspring); (ii) lost (if the variant was present only in the
mother); or (iii) de novo (if the variant was only found in the
offspring). Analysis of these variants showed that both, in the
mother and the offspring, the fraction of lost or de novo variants
were significantly lower than the transmitted or inherited variants.
Interestingly, of the heteroplasmic variants that were analyzed,
those that had previously been described (in the 1,000 Genomes
datasets and Single Nucleotide Polymorphism Database) were more
likely to be transmitted/inherited than those that were previously
not observed.

Mitochondrial DNA-based diseases

Mitochondrial DNA point mutations and their associated diseases
mtDNA point mutations can arise from inefficiency of the mtDNA
repair system, replication errors, or reactive oxygen species (ROS)-
induced oxidative damage [41-43]. Point mutations can either be
maternally inherited or occur sporadically. Most pathogenic mtDNA
point mutations exist in heteroplasmy. The prevalence of mtDNA point
mutations ranges between 1:5,000 and 1:500,000 [26,44]. Over the last
30 years, over 330 pathogenic point mutations have been identified in
the human mtDNA, and this number is ever-increasing [3].

The first report of an inheritable mtDNA-based disorder was
Leber’s hereditary optic neuropathy (LHON) [45]. Across the
mtDNA, there are many point mutations associated with LHON, but
three of the most common, which tend to be present as homoplas-
mic mutations, are m.11778G>A (ND4), m.3460G>A (ND1), and
m.14484T>C (ND6) [46,47]. Point mutations which tend to be
heteroplasmic that are attributed to LHON are m.14459G>A and
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Figure 1. Mechanisms of mtDNA depletion during genetic bottleneck resulting in daughter cells with varying heteroplasmy.

During the genetic bottleneck that occurs during germline development, there is a reduction in mtDNA levels in the fertilized oocyte and the resulting daughter cells have a
wide range of heteroplasmy levels. Some possible mechanisms of the reduction in mtDNA that can explain the bottleneck during germline development include (A) the
passive but marked reduction in mtDNA levels during each cell division in early development, followed by stochastic segregation of mtDNA into daughter cells; (B) mtDNA
packaged into homoplasmic clusters which are reduced in discrete segregating units during each cell division; and (C) focal mtDNA replication where only a selected
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population of mtDNA molecules are replicated. All of these possible mechanisms would result in daughter cells with varying heteroplasmy.

m.14600G>A (both in NDG6). For the mutations that are found in
heteroplasmy, a high mutation load (> 80%) must be observed for a
clinical phenotype to be seen [48]. LHON is considered to be one of
the most prevalent of the mitochondrial diseases. It is primarily seen
in young males, and patients exhibit acute or subacute bilateral
vision loss [47].

Leigh syndrome (LS) is a unique clinical presentation, but it can
be attributed to mutations in the mtDNA or the nDNA [49]. Many of
the mtDNA point mutations associated with LS are in Complex I
genes, including m.3697G>A (ND1), m.10191T>C (ND3), and
m.13513G>A (ND5); other associated mtDNA point mutations are
m.9176T>C and m.8993T>G/C (both in ATP6) [50-53]. For a patho-
genic phenotype to present, heteroplasmy levels must be > 80% for
these point mutations [27]. Primarily, patients with LS present with
subacute neuronal degeneration of the basal ganglia leading to
hypotonia, spasticity, movement disorders, cerebellar ataxia, and
peripheral neuropathy [49,54].

Neuropathy, ataxia, and retinitis pigmentosa (NARP) is most
often associated with the m.8993T>G/C (ATP6) point mutation that
is also associated with LS when present at high levels (> 80%) [55].
Patients with NARP exhibit symptoms of proximal neurogenic
muscle weakness with sensory neuropathy, ataxia, and pigmentary
retinopathy [49].

Eighty percent of mitochondrial myopathy, encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELASs) patients have the
m.3243A>G (tRNAUUUR)) [56]. Heteroplasmy levels exceeding
60% can lead to a pathogenic phenotype [27]. MELAS patients
exhibit a progressive encephalopathy and stroke-like episodes [57—
59]. Besides MELAS, the same mutation has been shown to also
cause a wide spectrum of clinical manifestations, from isolated
myopathy to isolated diabetes, hearing loss, migraines, or multisys-
tem encephalopathies [57,60,61].
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Another mitochondrial disorder characterized by a point muta-
tion in a tRNA gene is myoclonus epilepsy, with ragged red fibers
(MERRFs). MERRF is most commonly associated with the
m.8344G>A (tRNA™®) mtDNA mutation, and >70% heteroplasmy
for this mutation can lead to pathogenesis [27,62,63]. MERRF
patients exhibit myoclonus epilepsy as well as generalized seizures,
hearing loss, eyelid ptosis, and multiple lipomatosis [64,65].

Mitochondrial DNA deletions and their associated diseases
Deletions in the mtDNA are damaging because they remove many
protein-coding genes as well as tRNA and rRNA genes. These dele-
tions can vary in size from 1.8 to 8 kb, and can exist anywhere in
the mtDNA, though there are some areas of the mtDNA that are
more susceptible to deletion formation and origins of replication
need to be conserved [66-68]. The molecular mechanisms underly-
ing the formation of deleted mtDNA (AmtDNA) are under active
investigation. Many mtDNA deletion breakpoints are flanked by
direct or imperfect repeats in the intact mtDNA (Class I deletions),
implying that mtDNA deletions can form from replication slippage
[15,69,70]. In 2017, single-molecule analysis of mtDNA showed
replication stalling at the junction of a mtDNA deletion, suggesting
impaired replication could be the mechanistic basis of Class I
mtDNA deletion formation [70]. More recently, it has been demon-
strated that mispairing during L-strand synthesis during mtDNA
replication is likely responsible for deletions involving direct repeats
[71]. On the other hand, mtDNA deletions not involving direct
repeats (Class II deletions) appear to be formed by double-strand
breaks and re-ligation of free DNA ends. This has been clearly
shown in mouse models expressing mitochondrial-targeted restric-
tion endonucleases [72,73].

The formation of deletions is usually sporadic, and these are gener-
ally not thought to be maternally transmitted [74]. However, from a
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study done in 2004 analyzing 226 families where a single species of
mtDNA deletion had been identified, it can be inferred that the actual
risk of transmission to the offspring is approximately 1 in 24 births
[75]. These large mtDNA deletions or rearrangements are thought to
exist in heteroplasmy [76,77]. If heteroplasmy is particularly high for
a mtDNA deletion in a young patient, the prevailing theory is that the
deletion occurred early in development, shortly after the bottleneck
and expanded to high heteroplasmy with the potential to affect many
tissues [76]. Accumulation of mtDNA deletions in post-mitotic tissues
is also observed during normal aging [78-82].

The most prevalent deletion found in patients is the common
deletion. The common deletion is a 4,977-bp deletion (A4,977)
whose breakpoint is flanked by 13-bp direct repeats [67,74,83]. The
common deletion is also found at low levels in post-mitotic tissues
of most aged individuals but at lower levels than in bona-fide mito-
chondrial diseases. It results in the loss of 12 essential mitochondrial
genes, including OXPHOS genes (ATP8, ATP6, COXIIL, ND3, NDA4L,
ND4, and ND5) and tRNAs (G, R, H, S2, and L2). The three most
associated syndromes with the common deletion are Pearson’s
syndrome (PS), Kearns-Sayre syndrome (KSS), and progressive
external ophthalmoplegia (PEO). PS is characterized by sideroblastic
anemia with vacuolization of bone marrow precursor cells and
pancreatic dysfunction with early onset [84,85]. PS is usually fatal
in infancy, but patients who survive through childhood often
develop KSS. KSS is a multisystemic disorder with onset before
20 years of age. Patients with KSS suffer from an oculocranioso-
matic disorder characterized by myopathy, pigmentary retinopathy,
and cerebellar ataxia and cardiac conduction defects [66]. PEO is a
myopathy which impacts a patient’s ability to move their eyes and
eyelids [86]. There is no particular age of onset, but PEO can
develop over the course of 5-15 years and these patients usually
have other signs of generalized myopathy.

Mitochondria-targeted nuclease-based therapeutic
interventions for mitochondrial disease

Currently, there are no cures for mitochondrial diseases, only pallia-
tive treatments which can lessen the effects of these debilitating
disorders. As discussed above, mitochondrial diseases can arise
from mutations or deletions in either the mtDNA or the nDNA and
with the advent of gene therapy tools, and efforts have been made
to fix or replace mutated genes to treat patients. The heteroplasmic
nature of most mtDNA-based disorders creates a unique opportunity
for therapy, which, instead of trying to fix the damaged gene, targets
the entire mutant molecule for degradation and allows the wild-type
molecules to repopulate and restore the copy number. Over the last
20 years, the use of double-strand breaks (DSBs) to shift mtDNA
heteroplasmy has been validated in a number of different models.
Mitochondrially targeted restriction endonucleases (mitoREs) have
been used to generate DSBs to cleave at specific mtDNA sequences
to quickly deplete a single species of mtDNA in in vitro, ex vivo, and
in vivo mouse models of mtDNA heteroplasmy [87-91]. The
m.8993T>G mutation associated with NARP generates a Smal/Xmal
site that is not found in the wild type. When mito-Smal/mitoXmal
was delivered to cybrids (cytoplasmic hybrids) harboring > 90% of
the mutation, there was a reduction in the mutant molecules and a
corresponding increase in the wild-type mtDNA molecules [92,93].
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While effective at shifting mtDNA heteroplasmy, this method
depends on the presence of a naturally occurring unique restriction
site that encompasses the point mutation or deletion, which is not
very common.

Key to changing mtDNA heteroplasmy with specific nucleases is
the fact that mitochondria do not have a DSB repair system. In fact,
following DSB, mtDNA is rapidly degraded [87]. Recently, it was
found that this degradation is mediated by the enzymes associated
with mtDNA replication, including the exonuclease activity of poly-
merase gamma and the nuclease Mgmel [72,94]. The mtDNA copy
number control is poorly understood, but upon mtDNA depletion,
the residual molecules show increase replication in order to normal-
ize the copy number [72,90,95-99]. Because residual molecules are
predominantly wild type after the destruction of mutant mtDNA,
this recovery in copy number leads to an increase in wild-type
mtDNA ratios and improved mitochondrial function (Fig 2A).

Dimeric nucleases for gene therapy interventions

Recently, focus has been given to designer nucleases, such as tran-
scription activator-like effector nucleases (TALENs) or zinc-finger
nucleases (ZFNs) which can be targeted to the mitochondria and engi-
neered to bind to specific but longer DNA sequences, giving them an
advantage over mitoREs [95-97,99-101]. Our laboratory has devel-
oped mitochondria-targeted TALEN (mitoTALEN) to target a mtDNA
point mutation associated with LHON and dystonia (m.14459G>A)
and the mtDNA “common deletion” (m.8483-13459del4977) in
patient-derived cybrids [96]. Subsequent studies in patient-derived
cybrids have been carried out using mitoTALEN to target other point
mutations including m.8344A>G and m.13513G>A which are associ-
ated with MERRF and MELAS/LS, respectively [100].

mitoTALENSs are comprised of a sequence-specific modular DNA-
binding domain, and they contain a sequence-independent endonu-
clease domain from FoklI (Fig 2B). Fokl has been engineered to act
as an obligate heterodimer so two mitoTALEN monomers must be
in close proximity for Fokl to dimerize and create DSBs in the
mtDNA [102]. The TALE sequence-specific DNA-binding domains of
TALENSs are repeats of modular DNA-binding domains (called repeat
variable diresidue, or RVDs) which can be engineered to recognize a
specific nucleotide [103,104]. While mitochondria-targeted ZFN
(mtZFN or mitoZFN) architecture is very similar to mitoTALEN, the
two main differences are as follows: (i) Each DNA recognizing
domain can recognize 3 nucleotides and (ii) the ZFNs require a
nuclear export signal in addition to the mitochondrial targeting
sequence (MTS) to target the protein out of the nucleus and into the
mitochondria [105]. Also commonly included in the mitoTALEN of
mitoZFN architectures is an immunological tag at the N-terminus of
each monomer (either HA or FLAG), after the MTS and an indepen-
dent fluorescent marker (either eGFP or mCherry) to select for
expression. Transiently transfected cells which express both eGFP
and mCherry are selected by cell sorting, and changes in hetero-
plasmy and mtDNA levels can be assessed. Figure 2B summarizes
the overall structure of the different DNA editing platforms used for
the elimination of mutant mtDNA.

In the case of a mtDNA point mutation, one DNA-binding
domain (or monomer) of mitoTALENs or mitoZFNs will recognize
the mtDNA sequence which harbors the point mutation, and the
other will recognize a wild-type mtDNA sequence that is in close
proximity for the Fokl nucleases to dimerize and cleave the
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Targeting pathogenic mtDNA for degradation is one method of shifting mtDNA heteroplasmy below the biochemical threshold. (A) Staring with a cell with high levels of
heteroplasmy, mitoREs, mitoTALENS, mitoTEV-TALEs, and mitoZFNs can be used to selectively or preferentially cleave the pathogenic mtDNA molecules, resulting in a
transient depletion of total mtDNA levels. Mechanisms associated with copy number control will return mtDNA to pre-therapeutic levels but with a lower load of the
pathogenic mtDNA. (B) Architecture of the DNA recognition elements and DNA editing enzymes used to shift mtDNA heteroplasmy. mitoREs are enzymes that bind to and
cleave mtDNA at a specific, but short recognition sequence. mitoTALENs are comprised of two monomers, each with a DNA recognition element and one Fokl monomer,
when two Fokl monomers are sufficiently close together they will dimerize and cleave the mtDNA. mitoTEV-TALEs are comprised of a single monomer, with a DNA
recognition element and the I-Teul nuclease which can cleave mtDNA at a CNNNG sequence. mitoZFNs are similar to mitoTALENSs in architecture, where there are two DNA
recognition elements and two Fokl nucleases that need to dimerize to cleave the mtDNA sequence. The difference between the DNA recognition elements in mitoTALENs/
mitoTEV-TALEs and mitoZFNs is the number of nucleotides recognized by each element (1 versus 3 nucleotides).

mutated mtDNA molecule. In the wild-type mtDNA, only one of
the monomers (the “wild-type” monomer) would bind to the
mtDNA, and since there is no second Fokl domain to constitute a
functional dimer, a DSB should not occur. In the case of a
mtDNA deletion, each monomer would recognize a DNA
sequence that is flanking either side of the deletion breakpoint, in
close enough proximity to one another for the Fokl-mediated DSB
to cleave the mtDNA. In the wild-type mtDNA molecule, these
monomers will bind far enough away from one another that there
should be no mtDNA cleavage.

mitoTALENs and mitoZFNs have been used to shift heteroplasmy
in a number of different patient-derived pathogenic mtDNA models
(Table 1). In the m.14459G>A model, cells that were transiently
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transfected with the specific mitoTALEN monomers and sorted for
both eGFP and mCherry expression, showed not only a significant
shift in heteroplasmy toward the wild-type mtDNA, but also any
mtDNA depletion that was seen 48 h after transfection was reversed
to non-transfected status by 14 days after transfection [96]. When
using a mitoTALEN that was not specific to the m.14459G>A point
mutation, there was no mtDNA depletion, nor shift in heteroplasmy.
In the m.8993T>G model, cells that were transiently transfected
with specific mitoZFN monomers and sorted for GFP and mCherry
expression also showed a significant shift toward the wild-type
mtDNA and the depletion seen at 24 h returned to non-transfected
levels by 28 days after transfection [98]. Further, both our group
and the Minczuk group were able to use mitoTALEN and mitoZFN
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Table 1. Engineered mito-nucleases used in human mtDNA mutation/deletion models.

Model tested Delivery In vitro In vivo Results Citation
mitoRE
m.8993T>GC Osteosarcoma cybrids, Transfection/infection Yes No Reduction mutant haplotype. [92,93]
NARP mutation > 90% mutation
BALB/NZB mouse Several Transfection/infection Yes Yes Reduction in target haplotype [87-91]
mitoTALEN
“Common deletion” Osteosarcoma cybrids, 70— Transfection Yes No Reduction mutant haplotype [96]
(m.8483_13459del4977) 80% mutation
breakpoint (A5)
m.14459G>A Osteosarcoma cybrids, 90— Transfection Yes No Reduction mutant haplotype. [96]
ND6 mutation 95% mutation Complex | activity recovery
m.8344A>G Osteosarcoma cybrids, 55— Transfection Yes No Reduction mutant haplotype [100]
tRNAY® mutation 60% mutation OXPHOS recovery
m.13513G>A Osteosarcoma cybrids, 80— Transfection Yes No Reduction mutant haplotype. [100]
ND5/MELAS mutation 85% mutation Complex | activity recovery
m.14459G>A Fusion mouse oocytes, 80— Injection of RNA Yes Yes Reduction mutant haplotype [91]
LHOND mutation 85% human mutation in oocytes
m.9176T>C Fusion mouse oocytes, Injection of RNA Yes Yes Reduction mutant haplotype [91]
NARP mutation > 95% human mutation in oocytes
m.3243A>G Human IPSc, > 80% Transfection Yes No Reduction mutant haplotype. [106]
tRNAUYUR/MELAS mutation  mutation OXPHOS recovery
m.13513G>A Human IPSc, 60-70% Transfection Yes No Reduction mutant haplotype [107]
ND5/MELAS mutation mutation
mitoZFN
“Common deletion” Osteosarcoma cybrids, 70— Transfection Yes No Reduction mutant haplotype [98]
(m.8483_13459del4977) 80% mutation
breakpoint (A5)
m.8993T>C Osteosarcoma cybrids, Transfection Yes No Reduction in mutant haplotype. [98,99]
NARP mutation > 90% mutation OXPHOS recovery
mitoTev-TALE
m.8344A>C Osteosarcoma cybrids 90% Transfection Yes No Reduction mutant haplotype [111]

tRNAYS mutation mutation

OXPHOS recovery.

to effectively shift mtDNA heteroplasmy in cell models of the
common deletion [96,99]. mitoTALENs have also been used in two
different iPSC models of mutations associated with MELAS, where
transfection of mitoTALENs resulted in the reduction in the specific
mutant haplotype [106,107].

More recently, both mitoTALEN and mitoZFN have been taken
forward into an in vivo model of a mtDNA point mutation, the
m.5024C>T mouse model described previously [95,97,108]. This
mouse model develops a mild cardiomyopathy with age, but the
most striking biochemical phenotypes are the reduction in the
steady-state levels of the mitochondrial tRNA® and decreased in
organello protein synthesis. Both groups used recombinant adeno-
associated virus 9 (referred to as AAV9)-mediated viral delivery of
each monomer of their respective DNA editing tool against the
mutated mtDNA molecule. The AAV9 serotype used has high
tropism for skeletal muscle [109,110]. Intramuscular injections of
mitoTALEN into the tibialis anterior (TA) showed a significant shift
in mtDNA heteroplasmy toward the wild type at 10, 12, and
24 weeks after injection compared with either AAV9-GFP or single
AAV9-mitoTALEN monomer-injected TA [95]. This shift in hetero-
plasmy was accompanied by a corresponding increase in the mito-
chondrial tRNA? levels. More importantly though, systemic
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injections of mitoTALEN done through the retro-orbital sinus (sys-
temic venous system delivery) also showed a significant shift in
heteroplasmy in the heart at 6 and 12 weeks post-injection, and in
the quadriceps at 12 weeks post-injection. Tail vein injections of the
mitoZFNs showed a significant shift in mtDNA heteroplasmy in the
heart toward the wild type 65 days after injection. Interestingly,
with increasing amounts of AAV9 this shift was accompanied by a
depletion of mtDNA copy number in the heart, suggesting that there
is a dose dependence to these gene editing enzymes and at higher
titers there may be non-specific cleavage of the wild-type mtDNA
(in addition to cleaving the mutated mtDNA molecules) [97].

Monomeric nucleases for gene therapy interventions

The successful systemic delivery of mitoTALEN and mitoZFN
in vivo to shift mtDNA heteroplasmy and restore tRNA levels is a
major hurdle to pass in order to move toward clinical use of these
gene therapy tools in patients. Another obstacle which can be mini-
mized to make mtDNA gene therapy more efficient is to find ways
to deliver nucleases which do not need to dimerize in order to
cleave the mtDNA, reducing the complexity of the recombinant
viruses that need to be delivered. Our laboratory has published on
the use of the I-TevI nuclease to shift mtDNA heteroplasmy [111]. In
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the mitoTev-TALE construct, the TALE domain is linked to the I-Tevl
nuclease instead of the Fokl endonuclease. I-Tevl acts as a monomer
and creates a DSB at a CNNNG site in the mtDNA. A mitoTev-TALE
targeting the MERRF m.8344A>G mutation could significantly shift
heteroplasmy toward the wild type and restored mitochondrial func-
tion in a cybrid cell model [111] (Fig 2B).

Efforts using technologies such as CRISPR have not yet been
successful because of difficulties targeting the guide RNA into the
mitochondria [112], although a single report claims to have it work-
ing [113].

Minimizing off-target effects when using mitochondrial gene
therapy interventions

In translating these gene therapy tools from in vitro and in vivo
models of mtDNA heteroplasmy into patients, care has to be taken
to ensure there are no off-target effects of the DSBs either in the
mitochondrial genome or in the nuclear genome. As mentioned
above, after generation of double-strand breaks in the mtDNA, there
is a transient mtDNA depletion. This depletion has been observed
using mitoREs, mitoTALENs, and mitoZFNs, but after a sufficient
recovery time (days to weeks) this depletion is no longer observed
[90,95-100,111]. Although most mtDNA is degraded after double-
strand breaks, rare mtDNA fragments can form deleted species,
which have been observed at very low levels [73,114]. The presence
of these low levels of deletion would not negate the major benefit to
mitochondrial function triggered by mutant mtDNA elimination in a
heteroplasmic environment.

Minimizing any off-target effects of mitoTALENs or mitoZFNs in
the nDNA is more important since there are only two copies of each
gene in a cell compared with the mtDNA. Even though there are
more DNA repair mechanisms in place in the nucleus, a double-
strand break in the nDNA would nevertheless pose a larger problem
for patients. The best way to prevent this from occurring is to employ
in silico analysis of similar sequences in the nDNA (mtDNA pseudo-
genes) and choosing appropriate targeting sequences that are specific
to the mtDNA. Gammage et al found that two potential nuclear
targets were not affected after mitoZFN treatment in vivo [97].

Considerations for gene therapy to supplement other

mitochondrial therapeutics

In addition to the advances in mitochondrial gene therapy to treat
mitochondrial diseases, mitochondrial replacement therapies and
techniques are being explored—one of which has gotten a lot of
attention lately is the mitochondrial replacement in oocytes/
embryos. If a woman has high levels of pathogenic mtDNA, a donor
egg with healthy mtDNA can be enucleated and the nuclear genome
replaced with that of the woman with the pathogenic mtDNA before
being fertilized. In theory, this technique should eliminate the trans-
mission of the pathogenic mtDNA to the next generation, as
only < 2% of the pathogenic mtDNA remains after the transfer
(from the small amount of cytoplasm surrounding the nucleus in
the karyoplast used for transfer) [115,116]. A caveat to this mito-
chondrial replacement therapy is ensuring that the donor mtDNA is
compatible with the nuclear genome of the recipient. Discrepancies
in the mitochondrial-nuclear genomes can result in decreased mito-
chondrial bioenergetics, elicit an immune response, or affect other
processes, such as aging [117,118]. Spindle transfer resulted in
>99% donor mtDNA in oocytes, and in most cases, this donor
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Box 1. In need of answers

Since different tissues can have different biochemical thresholds for
pathogenic mtDNA, can these different tissues also differentially
regulate mtDNA heteroplasmy levels?

Which enzymes participate in the formation of mtDNA deletions
after DSB?

® How to move mitochondrial-targeted nuclease-based therapeutics
to the clinic?

During mitochondrial replacement therapies, how does the mito-
chondrial reversion occur after a nearly complete replacement of
pathogenic mtDNA?

mtDNA was stably maintained in embryonic stem cells generated
from these oocytes [119]. However, around 15% of these ES cells
demonstrated a gradual loss of the donor mtDNA and a complete
reversal toward the pathogenic maternal haplotype, a phenomenon
seen by several groups [115,116,120]. To prevent this reversion
from occurring in embryos after fertilization, mitochondrial gene
therapy tools can be used following spindle or pronuclear transfer
to completely eliminate the pathogenic mtDNA species. Both mitoRE
and mitoTALEN have been used in embryos and were found to
eliminate specific mtDNA haplotypes [91].

Concluding remarks

Mitochondrial diseases are a heterogeneous group of diseases that
can manifest at any age, affect almost any tissue, and have varied
clinical pathologies. In recent years, advances have been made to
understand how mtDNA can segregate in the germline, during devel-
opment, and in cells and tissues to affect the phenotypic outcome in
a patient. In addition to gaining a better understanding of the basis of
mitochondrial diseases, therapeutic approaches including gene ther-
apies and mitochondrial replacement have been explored and
expanded upon. Together, the understanding of both how mitochon-
drial diseases arise from pathogenic mtDNA variants and methods to
safely and effectively remove/replace the pathogenic mtDNA will aid
in the ongoing fight against mitochondrial diseases.

Acknowledgements

Our work was supported by the National Institutes of Health Grant
SRO1EY010804, 1RO1AG036871, 1R33ES025673, and 1RO1INS079965. We are
also grateful to the Muscular Dystrophy Association (CTM) and the CHAMP
Foundation for the generous support of our work.

Conflict of interest
The authors declare that they have no conflict of interest.

References

1. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin |,
Eperon IC, Nierlich DP, Roe BA, Sanger F et al (1981) Sequence and
organization of the human mitochondrial genome. Nature 290:
457 - 465

2. Nass MM, Nass S (1963) Intramitochondrial fibers with DNA character-
istics. I. Fixation and electron staining reactions. J Cell Biol 19: 593611

© 2020 The Authors



Nadee Nissanka & Carlos T Moraes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

Lott MT, Leipzig JN, Derbeneva O, Xie HM, Chalkia D, Sarmady M,
Procaccio V, Wallace DC (2013) mtDNA variation and analysis using
mitomap and mitomaster. Curr Protoc Bioinformatics 44: 123-126
Samuels DC, Boys R, Henderson DA, Chinnery PF (2003) A composi-
tional segmentation of the human mitochondrial genome is related to
heterogeneities in the guanine mutation rate. Nucleic Acids Res 31:
6043 -6052

Ojala D, Montoya J, Attardi G (1981) tRNA punctuation model of RNA
processing in human mitochondria. Nature 290: 470—474

Wiesner R, Ruegg JC, Morano | (1992) Counting target molecules by
exponential polymerase chain reaction: copy number of mitochondrial
DNA in rat tissues. Biochem Biophys Res Commun 183: 553 —559

Kukat C, Wurm CA, Spahr H, Falkenberg M, Larsson NG, Jakobs S (2011)
Super-resolution microscopy reveals that mammalian mitochondrial
nucleoids have a uniform size and frequently contain a single copy of
mtDNA. Proc Natl Acad Sci USA 108: 13534 —13539

Gilkerson R, Bravo L, Garcia I, Gaytan N, Herrera A, Maldonado A, Quin-
tanilla B (2013) The mitochondrial nucleoid: integrating mitochondrial
DNA into cellular homeostasis. Cold Spring Harb Perspect Biol 5: a011080
He J, Cooper HM, Reyes A, Di Re M, Sembongi H, Litwin TR, Gao J,
Neuman KC, Fearnley IM, Spinazzola A et al (2012) Mitochondrial
nucleoid interacting proteins support mitochondrial protein synthesis.
Nucleic Acids Res 40: 6109—-6121

Hubstenberger A, Merle N, Charton R, Brandolin G, Rousseau D (2010)
Topological analysis of ATAD3A insertion in purified human mitochon-
dria. J Bioenerg Biomembr 42: 143—150

Bogenhagen D, Clayton DA (1977) Mouse L cell mitochondrial DNA
molecules are selected randomly for replication throughout the cell
cycle. Cell 11: 719-727

Davidzon G, Greene P, Mancuso M, Klos K|, Ahlskog JE, Hirano M,
DiMauro S (2006) Early-onset familial parkinsonism due to POLG muta-
tions. Ann Neurol 59: 859—862

Young M), Copeland WC (2016) Human mitochondrial DNA replication
machinery and disease. Curr Opin Genet Dev 38: 52—62

Copeland WC (2012) Defects in mitochondrial DNA replication and
human disease. Crit Rev Biochem Mol Biol 47: 64—74

Falkenberg M, Larsson NG, Gustafsson CM (2007) DNA replication and
transcription in mammalian mitochondria. Annu Rev Biochem 76: 679 —699
Carelli V (2015) Keeping in shape the dogma of mitochondrial DNA
maternal inheritance. PLoS Genet 11: €1005179

Schwartz M, Vissing ] (2002) Paternal inheritance of mitochondrial
DNA. N Engl | Med 347: 576580

Luo S, Valencia CA, Zhang ], Lee NC, Slone |, Gui B, Wang X, Li Z, Dell S,
Brown | et al (2018) Biparental inheritance of mitochondrial DNA in
humans. Proc Natl Acad Sci USA 115: 13039—-13044

Balciuniene J, Balciunas D (2019) A nuclear mtDNA concatemer (Mega-
NUMT) could mimic paternal inheritance of mitochondrial genome.
Front Genet 10: 518

Pyle A, Hudson G, Wilson 1, Coxhead ], Smertenko T, Herbert M, Santi-
banez-Koref M, Chinnery PF (2015) Extreme-depth re-sequencing of
mitochondrial DNA finds no evidence of paternal transmission in
humans. PLoS Genet 11: €1005040

Wei W, Pagnamenta AT, Broxholme J, Tuna S, Odhams C, Consortium
GER, Fratter C, Turro E, Caulfield M, Taylor JC et al Nuclear-mitochon-
drial DNA segments masquerade as paternally inherited mitochondrial
DNA in humans. Nat Commun in press

Wei W, Tuna S, Keogh MJ, Smith KR, Aitman TJ, Beales PL, Bennett
DL, Gale DP, Bitner-Glindzicz MAK, Black GC et al (2019) Germline

© 2020 The Authors

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

34.

35.

36.

37.

38.

EMBO reports

selection shapes human mitochondrial DNA diversity. Science 364:
€aau6520

Brown WM, Prager EM, Wang A, Wilson AC (1982) Mitochondrial DNA
sequences of primates: tempo and mode of evolution. / Mol Evol 18:
225-239

Neckelmann N, Li K, Wade RP, Shuster R, Wallace DC (1987) cDNA
sequence of a human skeletal muscle ADP/ATP translocator: lack of a
leader peptide, divergence from a fibroblast translocator cDNA, and
coevolution with mitochondrial DNA genes. Proc Natl Acad Sci USA 84:
75807584

Wallace DC, Ye JH, Neckelmann SN, Singh G, Webster KA, Greenberg BD
(1987) Sequence analysis of cDNAs for the human and bovine ATP
synthase beta subunit: mitochondrial DNA genes sustain seventeen
times more mutations. Curr Genet 12: 81-90

Gorman GS, Schaefer AM, Ng Y, Gomez N, Blakely EL, Alston CL, Feeney
C, Horvath R, Yu-Wai-Man P, Chinnery PF et al (2015) Prevalence of
nuclear and mitochondrial DNA mutations related to adult mitochon-
drial disease. Ann Neurol 77: 753759

Rossignol R, Faustin B, Rocher C, Malgat M, Mazat |P, Letellier T (2003)
Mitochondrial threshold effects. Biochem J 370: 751762

Holt 1), Harding AE, Petty RK, Morgan-Hughes JA (1990) A new mito-
chondrial disease associated with mitochondrial DNA heteroplasmy.
Am | Hum Genet 46: 428 —433

Brown DT, Samuels DC, Michael EM, Turnbull DM, Chinnery PF (2001)
Random genetic drift determines the level of mutant mtDNA in human
primary oocytes. Am | Hum Genet 68: 533536

Blok RB, Gook DA, Thorburn DR, Dahl HH (1997) Skewed segregation of
the mtDNA nt 8993 (T—>C) mutation in human oocytes. Am | Hum
Genet 60: 1495—-1501

Hauswirth WW, Laipis PJ (1982) Mitochondrial DNA polymorphism in
a maternal lineage of Holstein cows. Proc Natl Acad Sci USA 79:
4686 — 4690

Cao L, Shitara H, Sugimoto M, Hayashi ], Abe K, Yonekawa H (2009)
New evidence confirms that the mitochondrial bottleneck is generated
without reduction of mitochondrial DNA content in early primordial
germ cells of mice. PLoS Genet 5: €1000756

Cao L, Shitara H, Horii T, Nagao Y, Imai H, Abe K, Hara T, Hayashi |,
Yonekawa H (2007) The mitochondrial bottleneck occurs without
reduction of mtDNA content in female mouse germ cells. Nat Genet 39:
386-390

Nogawa T, Sung WK, Jagiello GM, Bowne W (1988) A quantitative anal-
ysis of mitochondria during fetal mouse oogenesis. /| Morphol 195:
225-234

Jenuth JP, Peterson AC, Fu K, Shoubridge EA (1996) Random genetic
drift in the female germline explains the rapid segregation of mamma-
lian mitochondrial DNA. Nat Genet 14: 146151

Latorre-Pellicer A, Lechuga-Vieco AV, Johnston IG, Hamalainen RH,
Pellico J, Justo-Mendez R, Fernandez-Toro JM, Claveria C, Guaras A,
Sierra R et al (2019) Regulation of mother-to-offspring transmission of
mtDNA heteroplasmy. Cell Metab 30: 1120—1130.e5

Floros VI, Pyle A, Dietmann S, Wei W, Tang WCW, Irie N, Payne B,
Capalbo A, Noli L, Coxhead | et al (2018) Segregation of mitochondrial
DNA heteroplasmy through a developmental genetic bottleneck in
human embryos. Nat Cell Biol 20: 144 —151

Tang WW, Dietmann S, Irie N, Leitch HG, Floros VI, Bradshaw CR, Hack-
ett JA, Chinnery PF, Surani MA (2015) A unique gene regulatory network
resets the human germline epigenome for development. Cell 161:
1453-1467

EMBO reports  21: 496122020 9 of 12



EMBO reports

39.

40.

41

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

10 of 12

Burgstaller JP, Kolbe T, Havlicek V, Hembach S, Poulton J, Pialek J, Stein-
born R, Rulicke T, Brem G, Jones NS et al (2018) Large-scale genetic
analysis reveals mammalian mtDNA heteroplasmy dynamics and vari-
ance increase through lifetimes and generations. Nat Commun 9: 2488
Zhang H, Burr SP, Chinnery PF (2018) The mitochondrial DNA genetic
bottleneck: inheritance and beyond. Essays Biochem 62: 225-234
Coppede F, Migliore L (2015) DNA damage in neurodegenerative
diseases. Mutat Res 776: 84—97

Finkel T (2011) Signal transduction by reactive oxygen species. J Cell
Biol 194: 715

Indo HP, Davidson M, Yen HC, Suenaga S, Tomita K, Nishii T, Higuchi
M, Koga Y, Ozawa T, Majima HJ (2007) Evidence of ROS generation by
mitochondria in cells with impaired electron transport chain and mito-
chondrial DNA damage. Mitochondrion 7: 106118

Kennedy SR, Salk ]}, Schmitt MW, Loeb LA (2013) Ultra-sensitive
sequencing reveals an age-related increase in somatic mitochondrial
mutations that are inconsistent with oxidative damage. PLoS Genet 9:
€1003794

Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza AM, Elsas LJ
I, Nikoskelainen EK (1988) Mitochondrial DNA mutation associated
with Leber’s hereditary optic neuropathy. Science 242: 1427 —-1430
Huoponen K, Vilkki ], Aula P, Nikoskelainen EK, Savontaus ML (1991) A
new mtDNA mutation associated with Leber hereditary optic
neuroretinopathy. Am | Hum Genet 48: 1147 -1153

Nishioka T, Soemantri A, Ishida T (2004) mtDNA/nDNA ratio in 14484
LHON mitochondrial mutation carriers. / Hum Genet 49: 701705
Meyerson C, Van Stavern G, McClelland C (2015) Leber hereditary optic
neuropathy: current perspectives. Clin Ophthalmol 9: 1165-1176
Thorburn DR, Rahman J, Rahman S (2003) Mitochondrial DNA-asso-
ciated leigh syndrome and NARP. In GeneReviews® [Internet], Adam
MP, Ardinger HH, Pagon RA et al (eds). Seattle, WA: University of
Washington

Kirby DM, Boneh A, Chow CW, Ohtake A, Ryan MT, Thyagarajan D,
Thorburn DR (2003) Low mutant load of mitochondrial DNA G13513A
mutation can cause Leigh’s disease. Ann Neurol 54: 473478

Makino M, Horai S, Goto Y, Nonaka | (2000) Mitochondrial DNA muta-
tions in Leigh syndrome and their phylogenetic implications. /] Hum
Genet 45: 69—-75

Malfatti E, Bugiani M, Invernizzi F, de Souza CF, Farina L, Carrara F,
Lamantea E, Antozzi C, Confalonieri P, Sanseverino MT et al (2007)
Novel mutations of ND genes in complex | deficiency associated with
mitochondrial encephalopathy. Brain 130: 1894 —1904

Nesbitt V, Morrison P}, Crushell E, Donnelly DE, Alston CL, He L, McFarland
R, Taylor RW (2012) The clinical spectrum of the m.10191T>C mutation in
complex I-deficient Leigh syndrome. Dev Med Child Neurol 54: 500 —506
Rahman S, Blok RB, Dahl HH, Danks DM, Kirby DM, Chow CW, Christo-
doulou J, Thorburn DR (1996) Leigh syndrome: clinical features and
biochemical and DNA abnormalities. Ann Neurol 39: 343351
Mattiazzi M, Vijayvergiya C, Gajewski CD, DeVivo DC, Lenaz G, Wied-
mann M, Manfredi G (2004) The mtDNA T8993G (NARP) mutation
results in an impairment of oxidative phosphorylation that can be
improved by antioxidants. Hum Mol Genet 13: 869879

Goto Y, Horai S, Matsuoka T, Koga Y, Nihei K, Kobayashi M, Nonaka |
(1992) Mitochondrial myopathy, encephalopathy, lactic acidosis, and
stroke-like episodes (MELAS): a correlative study of the clinical features
and mitochondrial DNA mutation. Neurology 42: 545—550

Kaufmann P, Engelstad K, Wei Y, Kulikova R, Oskoui M, Sproule DM,
Battista V, Koenigsberger DY, Pascual JM, Shanske S et al (2011)

EMBO reports 21: e49612 | 2020

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Nadee Nissanka & Carlos T Moraes

Natural history of MELAS associated with mitochondrial DNA
m.3243A>G genotype. Neurology 77: 1965—1971

Mancuso M, Orsucci D, Angelini C, Bertini E, Carelli V, Comi GP, Donati
A, Minetti C, Moggio M, Mongini T et al (2014) The m.3243A>GC mito-
chondrial DNA mutation and related phenotypes. A matter of gender? J
Neurol 261: 504 —-510

Manwaring N, Jones MM, Wang |}, Rochtchina E, Howard C, Mitchell P,
Sue CM (2007) Population prevalence of the MELAS A3243G mutation.
Mitochondrion 7: 230—233

Moraes CT, Ciacci F, Silvestri G, Shanske S, Sciacco M, Hirano M, Schon
EA, Bonilla E, DiMauro S (1993) Atypical clinical presentations associ-
ated with the MELAS mutation at position 3243 of human mitochon-
drial DNA. Neuromuscul Disord 3: 43—50

Yang CY, Lam HC, Lee HC, Wei YH, Lu CC, Han TM, Tsai JL, Chuang YH,
Lee JK (1995) MELAS syndrome associated with diabetes mellitus and
hyperthyroidism: a case report from Taiwan. Clin Endocrinol 43: 235239
Ito S, Shirai W, Asahina M, Hattori T (2008) Clinical and brain MR
imaging features focusing on the brain stem and cerebellum in
patients with myoclonic epilepsy with ragged-red fibers due to mito-
chondrial A8344G mutation. AINR Am | Neuroradiol 29: 392 —395
Larsson NG, Tulinius MH, Holme E, Oldfors A (1995) Pathogenetic
aspects of the A8344G mutation of mitochondrial DNA associated with
MERRF syndrome and multiple symmetric lipomas. Muscle Nerve Suppl
3: S102-S106

Mancuso M, Orsucci D, Angelini C, Bertini E, Carelli V, Comi GP, Minetti C,
Moggio M, Mongini T, Servidei S et al (2013) Phenotypic heterogeneity of
the 8344A>G mtDNA “MERRF” mutation. Neurology 80: 2049 —2054
Shoffner JM, Lott MT, Lezza AM, Seibel P, Ballinger SW, Wallace DC
(1990) Myoclonic epilepsy and ragged-red fiber disease (MERRF) is
associated with a mitochondrial DNA tRNA(Lys) mutation. Cell 61:
931-937

Zeviani M, Moraes CT, DiMauro S, Nakase H, Bonilla E, Schon EA,
Rowland LP (1988) Deletions of mitochondrial DNA in Kearns-Sayre
syndrome. Neurology 38: 13391346

Chen T, He J, Huang Y, Zhao W (2011) The generation of mitochondrial
DNA large-scale deletions in human cells. | Hum Genet 56: 689 —694
Schon EA, Rizzuto R, Moraes CT, Nakase H, Zeviani M, DiMauro S
(1989) A direct repeat is a hotspot for large-scale deletion of human
mitochondrial DNA. Science 244: 346 —349

Nissanka N, Minczuk M, Moraes CT (2019) Mechanisms of mitochon-
drial DNA deletion formation. Trends Genet 35: 235—244

Phillips AF, Millet AR, Tigano M, Dubois SM, Crimmins H, Babin L, Char-
pentier M, Piganeau M, Brunet E, Sfeir A (2017) Single-molecule analy-
sis of mtDNA replication uncovers the basis of the common deletion.
Mol Cell 65: 527538 e6

Perrson O, Muthukumar Y, Basu S, Jenninger L, Uhler JP, Berglund A-K,
McFarland R, Taylor RW, Gustafsson CM, Larsson E et al (2019) Copy-
choice recombination during mitochondrial L-strand synthesis causes
DNA deletions. Nat Commun 10: 759

Nissanka N, Bacman SR, Plastini M, Moraes CT (2018) The mitochon-
drial DNA polymerase gamma degrades linear DNA fragments preclud-
ing the formation of deletions. Nat Commun 9: 2491

Fukui H, Moraes CT (2009) Mechanisms of formation and accumulation
of mitochondrial DNA deletions in aging neurons. Hum Mol Genet 18:
1028-1036

Holt 1), Harding AE, Morgan-Hughes JA (1988) Deletions of muscle
mitochondrial DNA in patients with mitochondrial myopathies. Nature
331: 717-719

© 2020 The Authors



Nadee Nissanka & Carlos T Moraes

75.

76.

77.

78.

79.

80.

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

Chinnery PF, DiMauro S, Shanske S, Schon EA, Zeviani M, Mariotti C,
Carrara F, Lombes A, Laforet P, Ogier H et al (2004) Risk of developing
a mitochondrial DNA deletion disorder. Lancet 364: 592—596

Chinnery PF, Elliott HR, Hudson G, Samuels DC, Relton CL (2012) Epige-
netics, epidemiology and mitochondrial DNA diseases. Int | Epidemiol
41: 177187

Moraes CT, Schon EA, DiMauro S, Miranda AF (1989) Heteroplasmy of
mitochondrial genomes in clonal cultures from patients with Kearns-
Sayre syndrome. Biochem Biophys Res Commun 160: 765771

Bender A, Krishnan K], Morris CM, Taylor GA, Reeve AK, Perry RH, Jaros
E, Hersheson |S, Betts ], Klopstock T et al (2006) High levels of mito-
chondrial DNA deletions in substantia nigra neurons in aging and
Parkinson disease. Nat Genet 38: 515—517

Reeve AK, Krishnan K], Taylor G, Elson JL, Bender A, Taylor RW, Morris
CM, Turnbull DM (2009) The low abundance of clonally expanded
mitochondrial DNA point mutations in aged substantia nigra neurons.
Aging Cell 8: 496 —498

Bua E, Johnson J, Herbst A, Delong B, McKenzie D, Salamat S, Aiken JM
(2006) Mitochondrial DNA-deletion mutations accumulate intracellu-
larly to detrimental levels in aged human skeletal muscle fibers. Am J
Hum Genet 79: 469—480

Kraytsberg Y, Kudryavtseva E, McKee AC, Geula C, Kowall NW, Khrapko
K (2006) Mitochondrial DNA deletions are abundant and cause func-
tional impairment in aged human substantia nigra neurons. Nat Genet
38: 518-520

Yu-Wai-Man P, Lai-Cheong J, Borthwick GM, He L, Taylor GA, Greaves
LC, Taylor RW, Griffiths PG, Turnbull DM (2010) Somatic mitochondrial
DNA deletions accumulate to high levels in aging human extraocular
muscles. Invest Ophthalmol Vis Sci 51: 3347 —3353

Tuppen HA, Blakely EL, Turnbull DM, Taylor RW (2010) Mitochondrial
DNA mutations and human disease. Biochim Biophys Acta 1797:
113-128

Lee HF, Lee HJ, Chi CS, Tsai CR, Chang TK, Wang CJ (2007) The neuro-
logical evolution of Pearson syndrome: case report and literature
review. Eur | Paediatr Neurol 11: 208 —214

McShane MA, Hammans SR, Sweeney M, Holt 1}, Beattie T}, Brett EM,
Harding AE (1991) Pearson syndrome and mitochondrial encephalomy-
opathy in a patient with a deletion of mtDNA. Am J Hum Genet 48: 39— 42
Moraes CT, DiMauro S, Zeviani M, Lombes A, Shanske S, Miranda AF,
Nakase H, Bonilla E, Werneck LC, Servidei S et al (1989) Mitochondrial
DNA deletions in progressive external ophthalmoplegia and Kearns-
Sayre syndrome. N Engl | Med 320: 1293—1299

Bayona-Bafaluy MP, Blits B, Battersby BJ, Shoubridge EA, Moraes CT
(2005) Rapid directional shift of mitochondrial DNA heteroplasmy in
animal tissues by a mitochondrially targeted restriction endonuclease.
Proc Natl Acad Sci USA 102: 1439214397

Bacman SR, Williams SL, Garcia S, Moraes CT (2010) Organ-specific
shifts in mtDNA heteroplasmy following systemic delivery of a mito-
chondria-targeted restriction endonuclease. Gene Ther 17: 713-720
Bacman SR, Williams SL, Moraes CT (2009) Intra- and inter-molecular
recombination of mitochondrial DNA after in vivo induction of multiple
double-strand breaks. Nucleic Acids Res 37: 42184226

Bacman SR, Williams SL, Hernandez D, Moraes CT (2007) Modulating
mtDNA heteroplasmy by mitochondria-targeted restriction endonucle-
ases in a ‘differential multiple cleavage-site’ model. Gene Ther 14:
1309-1318

Reddy P, Ocampo A, Suzuki K, Luo J, Bacman SR, Williams SL, Sugawara
A, Okamura D, Tsunekawa Y, Wu ] et al (2015) Selective elimination of

© 2020 The Authors

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

EMBO reports

mitochondrial mutations in the germline by genome editing. Cell 161:
459-469

Alexeyev MF, Venediktova N, Pastukh V, Shokolenko I, Bonilla G, Wilson
GL (2008) Selective elimination of mutant mitochondrial genomes as
therapeutic strategy for the treatment of NARP and MILS syndromes.
Gene Ther 15: 516 —523

Tanaka M, Borgeld HJ, Zhang J, Muramatsu S, Gong JS, Yoneda M,
Maruyama W, Naoi M, Ibi T, Sahashi K et al (2002) Gene therapy for
mitochondrial disease by delivering restriction endonuclease Smal into
mitochondria. J Biomed Sci 9: 534 —541

Peeva V, Blei D, Trombly G, Corsi S, Szukszto M), Rebelo-Guiomar P,
Gammage PA, Kudin AP, Becker C, Altmuller | et al (2018) Linear mito-
chondrial DNA is rapidly degraded by components of the replication
machinery. Nat Commun 9: 1727

Bacman SR, Kauppila JHK, Pereira CV, Nissanka N, Miranda M, Pinto M,
Williams SL, Larsson NG, Stewart JB, Moraes CT (2018) MitoTALEN
reduces mutant mtDNA load and restores tRNA(Ala) levels in a mouse
model of heteroplasmic mtDNA mutation. Nat Med 24: 1986 —1700
Bacman SR, Williams SL, Pinto M, Peralta S, Moraes CT (2013) Specific
elimination of mutant mitochondrial genomes in patient-derived cells
by mitoTALENs. Nat Med 19: 11111113

Gammage PA, Viscomi C, Simard ML, Costa ASH, Gaude E, Powell CA,
Van Haute L, McCann BJ, Rebelo-Guiomar P, Cerutti R et al (2018)
Genome editing in mitochondria corrects a pathogenic mtDNA muta-
tion in vivo. Nat Med 24: 1691 —1695

Gammage PA, Gaude E, Van Haute L, Rebelo-Guiomar P, Jackson CB,
Rorbach |, Pekalski ML, Robinson AJ, Charpentier M, Concordet |P et al
(2016) Near-complete elimination of mutant mtDNA by iterative or
dynamic dose-controlled treatment with mtZFNs. Nucleic Acids Res 44:
7804 -7816

Gammage PA, Rorbach |, Vincent Al, Rebar EJ, Minczuk M (2014) Mito-
chondrially targeted ZFNs for selective degradation of pathogenic
mitochondrial genomes bearing large-scale deletions or point muta-
tions. EMBO Mol Med 6: 458 — 466

Hashimoto M, Bacman SR, Peralta S, Falk MJ, Chomyn A, Chan DC,
Williams SL, Moraes CT (2015) MitoTALEN: a general approach to
reduce mutant mtDNA loads and restore oxidative phosphorylation
function in mitochondrial diseases. Mol Ther 23: 1592 —1599

Minczuk M, Papworth MA, Miller JC, Murphy MP, Klug A (2008) Devel-
opment of a single-chain, quasi-dimeric zinc-finger nuclease for the
selective degradation of mutated human mitochondrial DNA. Nucleic
Acids Res 36: 39263938

Doyon Y, Vo TD, Mendel MC, Greenberg SG, Wang |, Xia DF, Miller JC,
Urnov FD, Gregory PD, Holmes MC (2011) Enhancing zinc-finger-
nuclease activity with improved obligate heterodimeric architectures.
Nat Methods 8: 74—79

Hockemeyer D, Wang H, Kiani S, Lai CS, Gao Q, Cassady JP, Cost GJ,
Zhang L, Santiago Y, Miller JC et al (2011) Genetic engineering of
human pluripotent cells using TALE nucleases. Nat Biotechnol 29:
731-734

Moscou M), Bogdanove AJ (2009) A simple cipher governs DNA recogni-
tion by TAL effectors. Science 326: 1501

Minczuk M, Papworth MA, Kolasinska P, Murphy MP, Klug A (2006)
Sequence-specific modification of mitochondrial DNA using a chimeric
zinc finger methylase. Proc Natl Acad Sci USA 103: 19689 —19694

Yang Y, Wu H, Kang X, Liang Y, Lan T, Li T, Tan T, Peng J, Zhang Q, An
G et al (2018) Targeted elimination of mutant mitochondrial DNA in
MELAS-iPSCs by mitoTALENS. Protein Cell 9: 283—297

EMBO reports  21:e49612]2020 11 of 12



EMBO reports

107.

108.

109.

110.

111.

112

113.

12 of 12

Yahata N, Matsumoto Y, Omi M, Yamamoto N, Hata R (2017) TALEN-
mediated shift of mitochondrial DNA heteroplasmy in MELAS-iPSCs
with m.13513G>A mutation. Sci Rep 7: 15557

Kauppila JHK, Baines HL, Bratic A, Simard ML, Freyer C, Mourier A, Stamp
C, Filograna R, Larsson NG, Greaves LC et al (2016) A phenotype-driven
approach to generate mouse models with pathogenic mtDNA mutations
causing mitochondrial disease. Cell Rep 16: 2980 — 2990

Phillips JL, Hegge ], Wolff JA, Samulski R, Asokan A (2011) Systemic
gene transfer to skeletal muscle using reengineered AAV vectors. Meth-
ods Mol Biol 709: 141 —151

Bostick B, Ghosh A, Yue Y, Long C, Duan D (2007) Systemic AAV-9
transduction in mice is influenced by animal age but not by the route
of administration. Gene Ther 14: 1605—1609

Pereira CV, Bacman SR, Arguello T, Zekonyte U, Williams SL, Edgell DR,
Moraes CT (2018) mitoTev-TALE: a monomeric DNA editing enzyme to
reduce mutant mitochondrial DNA levels. EMBO Mol Med 10: e8084
Gammage PA, Moraes CT, Minczuk M (2018) Mitochondrial genome engi-
neering: the revolution may not be CRISPR-Ized. Trends Genet 34: 101110
Jo A, Ham S, Lee GH, Lee YI, Kim S, Lee YS, Shin JH, Lee Y (2015) Effi-
cient mitochondrial genome editing by CRISPR/Cas9. Biomed Res Int
2015: 305716

EMBO reports 21: e49612 | 2020

114.

11s.

116.

117.

118.

119.

120.

Nadee Nissanka & Carlos T Moraes

Srivastava S, Moraes CT (2005) Double-strand breaks of mouse muscle
mtDNA promote large deletions similar to multiple mtDNA deletions in
humans. Hum Mol Genet 14: 893—902

Yamada M, Emmanuele V, Sanchez-Quintero M), Sun B, Lallos G, Paull
D, Zimmer M, Pagett S, Prosser RW, Sauer MV et al (2016) Genetic drift
can compromise mitochondrial replacement by nuclear transfer in
human oocytes. Cell Stem Cell 18: 749754

Hyslop LA, Blakeley P, Craven L, Richardson J, Fogarty NM, Fragouli E,
Lamb M, Wamaitha SE, Prathalingam N, Zhang Q et al (2016) Towards
clinical application of pronuclear transfer to prevent mitochondrial
DNA disease. Nature 534: 383386

Dunham-Snary K], Ballinger SW (2015) GENETICS. Mitochondrial-
nuclear DNA mismatch matters. Science 349: 14491450

Hamilton G (2015) The hidden risks for ‘three-person’ babies. Nature
525: 444 - 446

Kang E, Wu |, Gutierrez NM, Koski A, Tippner-Hedges R, Agaronyan K,
Platero-Luengo A, Martinez-Redondo P, Ma H, Lee Y et al (2016) Mito-
chondrial replacement in human oocytes carrying pathogenic mito-
chondrial DNA mutations. Nature 540: 270275

Hudson G, Takeda Y, Herbert M (2019) Reversion after replacement of
mitochondrial DNA. Nature 574: E8—E11

© 2020 The Authors



